The respiratory electron transport system involved in NADPH (2.0 nmoles/ min./mg.) and NADH (1.0 nmoles/min./mg.) oxidation in the dark that was operative in extracts of light-grown Anabaena variabilis has been examined.
(a) A suspension of washed organisms (50 to IOO mg. dry wt/ml.) in 0.1 M-potassium phosphate buffer, pH 7-6 was subjected to ultrasonic treatment (M.S.E. 100 W 20 KHz instrument) for three 45 sec. periods at oo under a constant stream of nitrogen. Cell debris was removed by centrifugation at IO,OOO g for I 5 min. Cell breakage under oxygen-free nitrogen yielded extracts several times more active with regard to NADH and NADPH oxidases.
(b) A suspension of washed organisms (50 to 250 mg. dry wt/ml.) in sorbitol, 330 mM; HEPES, 10 mM; MgCl,, I mM; EDTA, I mM; pH 7-6 (hereafter called 'HEPES buffer') was incubated with lysozyme (0.1 mg./ml.) at 20' for 20 min. and then extruded through a pre-cooled French pressure cell (Aminco Instrument Co. Inc., Silver Spring, Maryland, U.S.A.) at 500 lb./in.2 Debris was removed by centrifugation at 5000 g for 10 min. Material was further fractionated as described in Results section.
(c) A suspension of washed organisms (150 to 250 mg. dry wt/ml.) in HEPES buffer, pH 7.6, was added to an equal volume of washed sand and ground with a mortar and pestle for I 5 min. at o to 4". The sand was removed by centrifuging at 2000 g for 10 min. and the suspension of broken organisms was then centrifuged at 10,ooog for 15 min. to remove unbroken cells and cell-wall debris.
Fractionation of cell-free extracts of Anabaena variabilis. The fractionation of a suspension of disintegrated Anabaena variabilis by differential centrifugation is summarized in Fig. I .
Conditions and extinction values employed in enzyme assays. The spectrophotometric determinations described below were carried out using an Optica CFR4 or a Unicam SP 800 recording spectrophotometer at 34" in silica cuvettes (d = I cm.). Owing to the relatively dense cell-free extracts employed it was sometimes necessary to use the maximum energy of incident light available in the spectrophotometer, which resulted in an increased background 'noise' level; slow chart speeds (I cm./min.) were also necessary to measure enzymic rates. Ferrocytochrome c was oxidized by ferricyanide and reduced by dithionite and dialysed against four changes of water at 4". Quinones (menadione and vitamin K,) were dissolved in ethanol and diluted with water to the required concentration. Brief ultrasonic treatment assisted in the even suspension of these compounds. Extinction coefficients (E:::) employed were : NADPH and NADH , 6.2 at 340 nm.; ferrocytochrome c red/ox, 19 at 55onm. (Haas, 1955) ; vitamin K,, Oxidative phosphorylation in Anabaena 57 0.258 at 245 nm. The latter value was kindly supplied by Dr P. J. Dunphy of this department. Amytal, rotenone and antimycin A were dissolved in ethanol; control assays showed that the ethanol at the concentration employed did not affect the enzyme examined. Anaerobic measurements were carried out in a spectrophotometer cuvette, modified to act as a Thunberg tube, that had been evacuated and gassed three times with oxygen-free nitrogen. Reduced pyridine nucleotide oxidase (NA DPH: oxidoreductase) Spectrophotometric measurement. Cuvettes contained in 3 ml. : potassium phosphate, pH 7-6, 200 pmoles; NADPH, 0.3 pmole and cell-free extract (0.5 to 5 mg. protein). The decrease in in the experimental cuvette was measured against a boiled enzyme control.
Measurement by O2 uptake. Oxygen consumption was measured using a Clark electrode (Yellow Springs Instrument Co. Inc.). The reaction mixture contained in 5 ml. : potassium phosphate, pH 7-6, 200 pmoles; extract containing 40 to 60 mg. microbial protein, and 10 mg. NADPH added to start the reaction. The rate of backdiffusion of oxygen into the electrode cell was corrected for, as were blank determinations without NADPH or with boiled enzyme. Acetyl pyridine analogue procedure (Kaplan, 1967) . Potassium phosphate pH 7.6, 66 pmoles; NADPH, 0.5 pmoles and KCN, 20 pmoles were added to cell-free extract of Anabaena variabilis (5 to 10 mg. protein) in I ml. final volume. After the addition of acetyl pyridine NAD+, the increase in extinction at 375 nm. was measured.
Coupling with pig heart isocitrate dehydrogenase (Kaplan, I955) . The reaction mixture containing, in 3 ml., NADP+, 0.1 pmole; potassium phosphate, pH 7.6, 1 0 0 pmoles and isocitrate dehydrogenase (0.1 mg.; sp. act. 9.8 pmoles, min.-1, mg.-1) was allowed to proceed to completion after the addition of isocitrate (10 pmoles) with the small amount of NADP+ present, and then NAD+ ( I pmole) was added. After incubation for a few minutes (any transhydrogenase would then be detected) extract of Anabaena variabilis (2 to 5 mg. protein) was added. Increase in absorption at 340 nm. was assumed to be due to the transfer of hydrogen from NADPH to NAD+ thus releasing NADP+ for further reduction. 6.99.2) . The oxidation of NADPH in the presence of menadione was observed at 340 nm. Cuvettes contained in 3 ml.: KCN, 20 pmoles; NADPH, 0.3 pmoles; potassium phosphate, pH 7-6, 200 pmoles, and cell-free extract (0.5 to 2.0 mg. protein). The reaction was started by the addition of menadione (0.5 pmole) to the experimental cuvette. The enzyme was also measured with vitamin K1 used in place of menadione, in which case the increase of due to vitamin K1 reduction was measured as well as the decrease of E340 due to pyridine nucleotide oxidation.
Ferrocytochrorne c: oxygen oxidoreductase (EC I . 9.3. I ) . Oxidation of reduced ferrocytochrome c was measured by decrease in E550. Cuvettes contained in 3 ml.: potassium phosphate, pH 7-6 (200 pmoles) and 2 to 4 mg. algal protein. 50 nmoles reduced ferrocytochrome c were added to the experimental cuvettes.
Succinic dehydrogenase (EC I . I . 99. I ) . This assay was carried out as previously described (Pearce, Leach & Carr, 1969) .
The oxidative synthesis of ATP by extracts of Anabaena variabilis
The synthesis of ATP coupled with the oxidation of reduced pyridine nucleotides and organic substrates was determined by a modification of a procedure of Avron (1960). The standard reaction mixture, in a total volume of I ml., contained in pmoles: sorbitol, 330; [32P]sodi~m phosphate, I (specific radioactivity, 1-5 to 2.5 pCi/,umole); HEPES buffer pH 7.6, 10; MgCI,, I ; EDTA, I ; ADP, I ; extract (1.5 to 4.0 mg. protein) ; and NADPH, NADH (1.5 pmole) or organic substrates (20 pmoles) and 1-5 pmole of NADP+ and NAD+. Appropriate controls were assayed, omitting the oxidized nucleotides or organic substrates. The reactions were allowed to proceed in the dark for 10 min. at 34" and were terminated by the addition of 0.1 ml. of 20 % (w/v) trichloroacetic acid. The precipitated protein was separated by centrifugation and
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0.3 ml. samples of the supernatants were used for ATP measurement. Subsequent steps were carried out at o to 2 ' .
Acetone (1.2 ml.) was added to each sample, mixed, allowed to stand for 10 min., and the water content of each tube was then made up to 2.5 ml. with water saturated with isobutanol + benzene (I : I) mixture. Seven ml. of isobutanol +benzene (I : I) saturated with water was added and thoroughly mixed. After phase separation, 0.8 ml. of molybdate reagent (5 g. ammonium molybdate dissolved in 40 ml. I O N -H~S O~ and made up to 100 ml. with water) was run down the side of each tube and the water layer was mixed gently. After allowing to stand for 5 min., the contents were mixed thoroughly for 30 sec. and allowed to stand. After phase separation, the upper layer which contained the majority of [32P]P04 molybdate complex was removed and 0.02 ml. of 0.02 M-KH,PO, were added to the aqueous layer, followed by 7.0 ml. of the isobutanol : benzene mixture saturated with water. After re-extraction of the phosphate molybdate complex, the isobutanol :benzene phase was removed. Some of the aqueous phase was placed in a stainless steel planchet and the [32P] content counted in a Nuclear Chicago gas flow counter at an efficiency of 33 % to an accuracy of at least 0.5 yo. Samples of the aqueous phase were also used in chromatographic determina-
tions.
The were added to the standard phosphorylation mixture. After incubation, the reaction was stopped by the addition of 0.1 ml. of 20 yo trichloroacetic acid and the remaining
[32P]P0, removed as a molybdate complex as described above.
[32P] present in the glucose-6-phosphate formed was assayed after chromatographic separation.
Chromatography of [32P]ATP and [32P]glucose-6-phosphate.
Chromatographic separations were achieved on thin layer cellulose plates and on paper (Whatman no. I) and radioactive peaks were measured on a Nuclear Chicago Actiograph 111 scanner.
Solvents used for the separation of ATP were : isobutyric acid + water (7 + 5 + 3, by vol.) ; n-propanol + water + trichloroacetic acid + ammonia (75 + 20 + 5 + 0.3, by vol.) (see Block, Durrum & Zweig, 1968) . Inorganic phosphate, AMP, ADP, and ATP were chromatographed as standards and were located by molybdate reagent or the unstained nucleotides were observed when viewed under U.V. light. Glucose-6-phosphate was chromatographed in methanol +ammonia + water (6 + I + 3, by vol.) and in methanol + formic acid + water (80 + I 5 + 5, by vol.) (see Block et al. 1968) .
Protein determination. A modified biuret reaction was used (Pearce & Carr, 1967) . Chlorophyll and phycocyanin determinations. Spectra of diluted extracts were measured between 400 nm. and 700 nm. and the extinction of chlorophyll was measured at 663 nm. and that of phycocyanin c at 620 nm. Extinction values were not converted to weight of material present.
Determination of ATP by a luciferin: luciferase assay system. The assay procedure was a simplification of the method of Lyman & DeVincenzo (I 967). A modified singlesided Locarte fluorometer MK 11 was used in a dark room. The photomultiplier tube was dismantled from its housing and a plate with a small mirrored chamber and a 10 mm. x 80 mm. spectrophotometric tube attached was fitted. The standard reaction mixture in 1.55 ml. contained glycine buffer at pH 8.0 (100 pmoles) and MgCl, (2 pmoles). Commercial ATP samples at a suitable dilution were added in 0.2 ml. of solution. Readings on the instrument's galvanometer were recorded and then 0.25 ml.
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of firefly lantern extract (10 mg. firefly tails homogenized in 10 ml. of glycine buffer and filtered) were rapidly injected into the tube by means of a syringe. The maximum reading on the galvanometer for each ATP sample was recorded and a standard relationship between this and the ATP supplied was constructed. This procedure could be employed only with purified ATP samples, owing to quenching by other co-factors. Chemicals and enzymes. Nucleotides, pig heart isocitrate dehydrogenase and hexokinase were purchased from Boehringer und Soehne G.m.b.H., Mannheim, Germany ; horse ferrocytochrome c from Seravac Ltd, Maidenhead, Berkshire, [32P]phosphate from The Radiochemical Centre, Amersham, Buckinghamshire ; firefly tails and acetyl pyridine nucleotide from Sigma (London) Ltd; amytal and antimycin A from KochLight Ltd, Colnbrook, Buckinghamshire. Vitamin K1 was kindly given by Dr P. J. Dunphy (of this department), and FCCP was a gift from Dr P. Scholes (Glyn Research Laboratories, Bodmin, Cornwall).
Abbreviations. Non-standard abbreviations used: EDTA, ethylene-diaminetetraacetic acid disodium salt ; HEPES, N-2-hydroxyethyl-piperazine-N'-2-ethanesulphonic acid ; FCCP, carbonylcyanide p-tri-fluoromethoxyphenylhydrazone.
RESULTS
Oxidative activities of cell-free extracts. NADPH and NADH oxidases were detected in cell-free extracts of Anabaena variabilis, and after fractionation as described in Fig. I these activities were distributed throughout the supernatant fractions and were present at highest specific activity in fraction VII. After breaking A. variabilis by grinding with sand in HEPES buffer, the partial localization of NADPH oxidase in the particulate fractions I1 and IV was observed (Table I ). The supernatant fraction VII prepared from ultrasonic treated cells contained some NADPH oxidase activity but no chlorophyll, demonstrating a complete separation of chlorophyll from part of the oxidase activity. Most of the oxidase activity, however, sedimented with the chlorophyll-containing fractions and with extracts prepared from cells ground in sand the oxidase was confined to the heavy fractions along with the chlorophyll. The sedimentation characteristics of NADPH and NADH oxidase were similar, and the activity with both coenzymes present was not greater than with NADPH alone. NADH oxidase activity varied between 40 yo and 65 yo of the NADPH oxidase in all extracts assayed.
Transhydrogenase activity could not be detected by the acetyl pyridine analogue procedure of Kaplan (1967) but a low rate (0.31 nmole/min./mg.) was detected using this method coupled with pig heart isocitrate dehydrogenase (Kaplan, I 955). In subcellular fractions prepared from ultrasonic treated extracts succinic dehydrogenase showed a broad distribution of activity, similar to that of NADPH oxidase (see Table I ). Confirmation that the oxidations of reduced pyridine nucleotides were by true oxidases was given by lack of activity under anaerobic conditions (Fig. 2a) . After oxidation the NADP+ was re-reduced by the action of isocitrate dehydrogenase when isocitrate (~opmoles) was added to the cuvette (Fig. zb) , which indicated that the initial decrease in E340nm could be attributed to an oxidase activity and not to the destruction of the nucleotide. NADPH oxidase had a broad pH optimum around 7.6, although a limited activity could be detected at pH 9.0 (Fig. 3a) . NADPH oxidation by cell-free extracts showed marked dependence on temperature, the rate at 34" being The electron-transfer pathway of NADPH oxidase was examined in extracts of Anabaena variabilis by the assay of component enzymes and by the effect of inhibitors 39" (Fig. 3b) Fig. 2 b. The regeneration of NADPH after its aerobic oxidation by an extract of Anabaena variabilis following the addition of ismitrate (10 pmoles). The cuvette contained 3-4 mg. protein (for further details see Methods). NADPH was excluded from the blank cuvette. Enzyme activities were measured as in Methods, the particular procedure employed being indicated in parentheses. Enzyme activities are expressed as nmoles/min./mg. protein and are the mean of at least three determinations.
-
* These rates are from extracts that had been dialysed against phosphate buffer (see Results).
on oxidation and reduction rates. The activities of respiratory enzymes were consistently higher with NADPH than with NADH, and only the former values will be discussed in detail.
Electron-transfer reactions that were detected in cell-free fractions are summarized in electron donor, the rate of reduction of the quinones and ferrocytochrome c were of the same order as the NADH oxidase activity, which was about half that of NADPH oxidase.
Efects of inhibitors on electron transport activities (Fig. 4) . Relatively high levels of inhibitors were necessary to demonstrate inhibition. Thus total inhibition of NADPH oxidase was obtained with 5 x I O -~ M-cyanide; NADH oxidase was completely inhibited by 2 x I O -~ M-cyanide. NADH oxidase activity was ten times more sensitive to inhibition by antimycin A than was NADPH oxidase; rotenone was several times more effective against NADH oxidase than NADPH oxidase. Amytal ( I O -~ M) inhibited the NADH oxidase activity by approximately 50 %; sodium azide I O -~ M had little effect on either oxidase. NADPH: ferrocytochrome reductase was not affected by cyanide, but ferrocytochrome c oxidase was as sensitive to cyanide as was the reduced pyridine nucleotide oxidase. The release of the cyanide inhibition of NADPH oxidation by ferrocytochrome c is shown in Fig. 5 . 
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When extracts were incubated with oxidized ferrocytochrome c and NADH, in the absence of cyanide, no net accumulation of reduced ferrocytochrome c was detected spectrophotometrically. However, with NADPH as electron donor, there was an accumulation of reduced cytochrome c which was detected as an increase in optical density at 550 nm. The redox dye, phenolindo-2,6-dichlorophenol was also rapidly reduced by NADPH (90 nmoles/min./mg. protein) but the rate with NADH was substantially less (I -02 nmoles/min./mg.). 
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Oxidative phosphorylation. When cell-free preparations of Anabaena variabilis were incubated in the dark under the conditions described in Methods for oxidative phosphorylation studies, there was a net accumulation of esterified [32P]phosphate which co-chromatographed with ATP (Fig. 6) . The initial rate of ATP synthesis, when extracts were incubated with NADPH, was linear with time ( Fig. 7) . When hexokinase and glucose were added to the standard phosphorylation mixture, the total amount of esterified [32P]phosphate remained the same, but chromatographically the radoactive material was recovered in glucose-6-phosphate although some remained as unconverted ATP.
When NADPH was replaced by the oxidized nucleotide and a substrate such as malate, which is known to lead to its reduction in extracts of Anabaena variabilis, ATP synthesis could again be demonstrated. However, the levels of phosphorylation were then substantially lower than those obtained with the reduced nucleotides ( Table 3) . As would be expected, succinate served as a poor source of electrons to support ATP synthesis and was independent of the addition of pyridine nucleotides. Isocitrate or malate, in the presence of NADP+, was about half as effective as the commercial reduced coenzyme. The results recorded in Table 3 are the highest and lowest
Oxidative phosphorylation in Anabaena 67 of at least three determinations. They show quite a wide difference and this probably reflects the low rate of activity and fragility of the phosphorylating system.
The assay for ATP gave a linear response of light emitted to ATP added between the range of 2 x I O -~ and I O -~ pmoles of ATP. Unfortunately, the assay was found unsuitable for ATP estimations in supernatant obtained after arresting phosphorylation by adding trichloroacetic acid or perchlorate (see Methods).
The specific radioactivity of the biosynthesized ATP was 1.28 x 1oS c.p.m. pmole, compared to the specific activity of 1.66 x 106 c.p.m. pmole for the inorganic [32P]-phosphate added; the difference between these two values is probably a reflexion of the presence of a small amount of phosphate in the extract. 
to 0.33
The highest and lowest results of at least three separate determinations are given.
DISCUSSION
This communication describes some stages in the dark aerobic oxidation of NADPH and NADH and an associated phosphorylation in extracts of Anabaena variabilis. The sedimentation properties of NADH oxidase described here and the effects of various inhibitors are comparable to those of another blue-green alga, Anacystis nidulans (Horton, 1968) . In extracts of the five species of blue-green algae tested, NADPH was oxidized more rapidly than NADH (Leach & Carr, 1968) , and NADPH oxidation by extracts of Anab. variabilis was less sensitive to inhibitors acting prior to the terminal oxidase. In whole cells of Anac. nidulans in the dark, anaerobic conditions lead to an accumulation of NADPH and not NADH (Biggins, 1969) . Biggins (1969) has observed oxidation of reduced cytochrome c by extracts of Anacystis nidulans, although Horton (1968) did not observe any activity in extracts of Anac. nidulans nor Anabaena variabilis. Because of its relative insensitivity to cyanide and azide, the terminal oxidase in the respiratory electron chain of Anab. variabilis is probably of the cytochrome o type, as has been observed in the colourless Cyanophyta (Webster & Hackett, 1965; Biggins & Dietrich, 1968) and in the photosynthetic bacterium Rhodospirillum rubrum (Horio & Kamen, 1962) . NADH oxidase is more sensitive to inhibitors of electron flow from pyridine nucleotides to quinones or cytochrome c than is NADPH oxidase. This suggests that NADH and NADPH are 68 C. K. LEACH A N D N. G . CARR oxidized by separate pathways up to the cytochrome c stage. However, the fact that the rates of the oxidation of NADPH and NADH are not additive indicates that they share some stages of their dark electron transport pathway. The pyridine nucleotide : quinone oxidoreductase was readily detected with NADPH, with either vitamin K, or menadione as electron acceptor. Anab. variabilis does not contain vitamin K, or ubiquinone , which are commonly involved in bacterial respiration. It may be that both photosynthetic electron flow and dark respiratory electron transfer in Anab. variabilis share some common components and that this may account for the photo-inhibition of respiration observed in the blue-green algae (Brown & Webster, 1953; Jones & Myers, 1963) . This explanation has been advanced by Horio & Kamen (1962) to account for this phenomenon in Rhodospirillum rubrum. In an examination of the link between respiration and photosynthetic electron flow in Anac. nidulans, Jones & Myers (1963) concluded that competition for electrons exists between chlorophyll a and oxygen. The cytological association of the photosynthetic lamellae with reducing activity, detected by potassium tellurite and tetranitro-blue tetrazolium reduction, has been noted in Nostoc sphaericum (Bisalputra, Brown & Weier, 1969) . Most of the NADPH oxidase activity in our preparations sedimented with the chlorophyll-bearing fragments, but a small portion was soluble. The latter activity, measured as a decrease in extinction at 340 nm., may be due to NADP:ferredoxin diaphorase (E.C. I .6. gg .4) which was easily separated from the photosynthetic lamellae of Anab. variabilis (Susor & Krogmann, 1966) .
Perhaps the more important question is not whether dark NADH or NADPH oxidation occurs in blue-green algae, but whether this process is linked to phosphorylation. The aerobic formation of ATP in the dark by whole cells of Anacystis nidulans was sensitive to the uncoupling agent 2,4-dinitrophenol and to the electron-flow inhibitors amytal and cyanide, but was insensitive to fluorwitrate (Batterton & Van Baalen, I 968). These authors suggest that their observations exclude a fermentative synthesis of ATP in Anac. nidulans. Recently Biggins (1969) has shown a reduction in the cellular ATP level in Anac. nidulans in the dark when anaerobic conditions were introduced, and he has demonstrated an increase in respiratory rate when the uncoupling agents, FCCP and 2,4-dinitrophenol, were added to intact cells. In a brief communication ) the formation of ATP by extracts of Anabaena variabilis, concomitant with reduced pyridine nucleotide oxidation, was reported and in this paper these results are extended and include the aerobic formation of ATP in the presence of several substrates and oxidized nucleotides, together with a report of inhibition by the uncoupling agent FCCP. The development of a proton gradient (as occurs in micro-organisms known to effect oxidative phosphorylation) has been observed to follow the oxygenation of a dark suspension of Anab. variabilis (Scholes, Mitchell & Moyle, 1969) .
The data presented in this paper, together with the whole-cell studies cited above, show that a process of oxidative phosphorylation occurred in the obligately autotrophic Anabaena variabilis and suggests its operation in other species of blue-green algae. This phosphorylation was based on a respiratory activity which was low compared with other aerobic procaryotes (e.g. Bacillus megaterium, Qo2 of 120 in the presence of glucose; Weibull, 1953) and could not be increased by either exogenous substrates or by growth in the presence of oxidizable substrates (Pearce & Carr, 1967) . Possibly this low respiration rate limits the amount of ATP which could be formed.
